Liquid hydrogen has been intensively used in aerospace applications during the past forty years and is of great interest for future automotive applications. Following upon major explosive risks due to the use of hydrogen in air, several studies were carried out in order to develop optical fibre sensors for the detection of hydrogen leakage. This communication is aimed towards the presentation of new sensors based on the use of Fibre Bragg Gratings (FBG) and Long Period Gratings (LPG). The sensing principle based on palladium-hydrogen interaction will be presented as well as experimental results with structures including FBG, LPG or in-series LPG. Detection parameters such as response time and sensitivity will be discussed versus temperature.
INTRODUCTION
Due to the well-known explosive risks of hydrogen systems, hydrogen sensors are of great interest for both aerospace applications and future developments in the fields of fuel cells and automotive applications. A great number of hydrogen sensors 1, 2 have been demonstrated and merchandised in the past twenty years. Even they were not specific to hydrogen detection, hydrocarbure sensors have often been used. Most of them provided fast and efficient detection at room temperature and pressure, but their principles and conceptions were not adapted for applications where the need of a deported local detection in a severe atmosphere leads to the choice of optical fibre sensors. Among the numerous methods for gas detection two very different principles have been used for hydrogen detection. They are based on spectroscopic analysis via infrared absorption or Raman scattering 3, 4 for the first one and interaction with a transducer which is a thin palladium layer 5 in most cases. Several methods have been demonstrated, the most significant were based on surface plasmon resonance 6 , intensity variations by means of electrochromatic materials 7, 8 or interferometric measurements 9 . Following upon the works of M.A.Butler 10,11 studies have been carried out at the University of SaintEtienne in order to develop optical fibre sensors for the detection of hydrogen leakage. The most relevant of them were based on a nanometric palladium micro-mirror deposited on the cleaved out-put end face of a multimode optical fibre 12 or based on surface plasmon resonance at the interface between the bare core of a multimode optical fibre and a deposited palladium nano-layer 13 . All the prototypes and developed sensors were based on the monitoring of intensity variations of a monochromatic light propagated through the optical fibre and the potentialities of the SPR sensors for volumetric detection have also been demonstrated. Nevertheless, the requirements of the next generation of sensors must also be considered 14 . In addition to improve functionality at lower cost, the new sensors, regardless of operating technology, must be configured in networks providing global information from realtime data. Due to their addressing capabilities, the use of Fiber Bragg Gratings (FBG) and Long Period Gratings (LPG) could contribute to the development of such a new sensor generation. LPG have already been used successfully as solution concentration sensors where the cladding modes interacted with the solution into which the sensor was immersed 15, 16 . We are presenting optical fibre hydrogen sensors based on FBG and LPG on the surface of which a palladium nano-layer is deposited. Preliminary results obtained in an in-fibre Mach-Zhender interferometer configuration with in-series LPG sensors will also be presented. They show potential interest to compensate the thermal sensitivity of the fibre gratings.
PRINCIPLE OF OPERATION
FBG and LPG are intrinsic devices that allow for the control of the properties of the light propagated inside the fibre. They generally consist of a periodic modulation of the refractive index of the optical fibre core. The presence of the fibre grating promotes the coupling of the fundamental guided mode in the core with forward or backward modes. The coupling is accomplished under the phase matching condition :
where n eff o ( ) is the effective refractive index of the core mode, n eff i ( ) the effective refractive index of the i-th propagated modes and is the grating period. In a FBG the period is in the same order as the optical wavelength and it follows that only coupling to the backward propagated fundamental mode is allowed. The FBG behaves like a wavelength selective mirror at the phase matching wavelength. In a LPG the period could range from 0.1 mm to about 1 mm and it follows that only coupling to forward propagated modes in the cladding is allowed. Because the cladding modes are rapidly attenuated a typical transmission spectrum of such a fibre will show a number of attenuation bands. If the grating as a lentgh L and the coupling coefficient for the i-th cladding mode is i , the minimum transmission of the attenuation bands are found from 15 :
Changes in the parameters pertaining to the environment of the fibre grating such as temperature, strain and refractive index of the medium surrounding the fibre cladding could change the grating period and the effective refractive indices, resulting in changes in the phase matching condition that will modify the attenuation bands and their minimum transmission values. Connecting variations to the strain, temperature and environmental refractive index variations supported by the optical fibre is nevertheless quite complex since the variations result from a multiple variables system which inversion do not generally admit a single solution. That's why most of the FBG and LPG sensors need a thermal correction that could be made by using a second FBG or LPG sensor which do not support the parameter of influence.
The proposed sensors require the FBG or the LPG to be coated by a thin palladium layer that will change the phase matching conditions when exposed to gaseous hydrogen. Palladium has the property of absorbing up to 900 times its volume in hydrogen at room temperature and pressure leading to the formation of the hydride PdH x (where x is the atomic ratio H/Pd). The physical properties of the palladium-hydrogen system are strongly dependant on the gaseous hydrogen pressure and temperature. They are characterized by the existence of two different crystallographic phases called and separated by a phase transition. Earlier studies 17 have shown that in the -phase, which also corresponds to the crystallographic phase of pure palladium, hydrogen is only slightly absorbed by palladium. On the opposite in the -phase, the absorption of hydrogen in palladium is enhanced. The phase transition is characterized by fast changes in the absorption properties of hydrogen in palladium. Following upon the palladium-hydrogen system properties, the response and response time of the sensor are functions of gaseous hydrogen pressure and temperature. Previous studies performed in our laboratory 12 have shown that due to the weak absorption of hydrogen in palladium, a weak response and a short response time are expected in the -phase. On the opposite and due to the enhancement of the absorption of hydrogen in palladium, a strong and saturated response which is independent on the hydrogen concentration and a very long response time which can exceed one hour depending on the temperature are expected in the -phase. Furthermore, preliminary studies have also shown that the phase transition has an important influence on the repeatability of the performances. Depending on the final processing of the data obtained from the sensor, it is therefore necessary to ensure operating conditions of the sensor either in the -phase or in the -phase to keep repeatable performances and to avoid as much as possible the operation in the phase transition.
EXPERIMENTAL
FBG and LPG were written into SMF 28 optical fibres of which the photosensitivity was enhanced by hydrogen loading. A UV laser was used with a phase mask to write short period gratings into the fibre's core after removal of the jacket. Long period gratings were written either by using arc discharges or a UV laser light focused through a 100 mm focal cylindrical lens. The gratings were in the order of 20 mm long and the period was 0.5 µm for the FBG and 400, 420 or 680 µm for the LPG. The resulting FBG had an attenuation band at a resonant wavelength in the order of 1550 nm and each LPG had several attenuation bands at resonant wavelengths varying from 1300 to 1600 nm.
Having completed the fabrication of the FBG and LPG, the palladium coating is applied by thermal evaporation under vacuum to the region where the jacket has been removed previously. Layer thickness of 27, 55 and 62 nm were realized. The experimental set-up to measure the sensitivity of the sensors is described in Fig. 1 . It comprises a set of flow meters and a thermal exchanger in which either pure nitrogen or a preset mixture of 4% hydrogen (lower explosive limit) in pure nitrogen is injected with a gas flow fixed to 500 Nl/h. The thermally regulated gas is delivered to a gas flow tube into which the FBG or LPG sensor is housed. The fibre is illuminated by a broadband light source and the experimental date are recorded using an optical spectrum analyser. The attenuation bands are observed for various temperatures between 0°C and 40°C. The response time of the optical spectrum analyser being too long to perform response time measurements for the sensor and such a parameter being completely dependant on the palladium hydrogen system that was previously studied by ourselves 12, 13 , it was set a 2 minutes exposure time to hydrogen before each record. Such a time was chosen to be superior to the response time at any studied temperature. Considering first the FBG sensors, in the absence of cladding modes and the fundamental mode being strongly confined into the fibre core no major influence on the refractive effective indices was expected due to the palladium layer. Nevertheless a wavelength shift in the order of 14 pm towards the upper wavelengths was observed at room temperature when the FBG was exposed to the 4% hydrogen mixture. This small shift could be explained by the bending strain following upon the deformation (growing) of the palladium layer when absorbing hydrogen. Considering now the LPG sensors, the presence of cladding modes lead to expect refractive indices variations due to the palladium layer and furthermore coupling between cladding modes and the surface plasmon wave at the palladium layer outer interface. Preliminary results (Fig. 2 ) have shown that a wavelength shift in the order of 2 nm (depending on the grating period) towards the lower wavelengths was obtained in that case. From experiments performed at various temperatures the thermal sensitivity was found independent of the presence of hydrogen in the nitrogen flow.
Further experimental results including the sensitivity to different hydrogen concentrations and results about an in-fibre Mach-Zehnder interferometer using in-series LPG will be presented at the conference. Such a device is expected to show interesting potentialities towards the temperature dependance of the LPG sensors.
